The catalysis of transcription by RNA polymerase is fundamental to the viability of growing cells. In conventional cancer chemotherapy, DNA damage products that interfere with genomic processes initiate cell death. However, therapeutic resistance of cancer cells to DNA alkylating agents may result when cells are proficient in the repair of drug-induced damage ([@r1][@r2]--[@r3]). Acylfulvenes (AFs) are a class of experimental anticancer drugs that appear to be selectively repaired by the transcription-coupled subpathway of nucleotide excision repair (TC-NER) ([@r4][@r5]--[@r6]). Thus, AF-induced DNA adducts are preferentially removed from actively transcribed regions of the genome but are largely ignored by global-genome repair. These findings suggest that the AF-DNA adduct does not perturb the duplex structure yet impedes the progress of RNA polymerase. Understanding the chemical basis of how DNA alkylation stalls RNA polymerase to initiate repair can provide key insight for the design of therapeutics less prone to failure due to resistance.

AFs are semisynthetic derivatives of the fungal sesquiterpene illudin S and alkylate DNA in the minor groove ([@r7]), a common property for several anticancer agents such as distamycins, lexitropsins, duocarmycins, and ecteinascidin 743, as well as peptide-based minor-groove binders ([@r8]). Hydroxymethylacylfulvene (HMAF, irofulven) was tested previously in clinical trials for several cancers and is anticipated to reenter clinical trials with biomarker-driven patient stratification strategies ([@r9]). AFs are prodrugs that are reductively activated by prostaglandin reductase 1 (PTGR1) to alkylate primarily position 3 of adenine ([@r7]) ([Fig. 1*A*](#fig01){ref-type="fig"}). Inhibition of DNA synthesis and capacity to induce cell-cycle arrest of minor-groove alkylating agents is attributed primarily to alkylation of DNA, and levels of 3-AF-A in AF-treated cancer cells are proportional to cytotoxicity ([@r7], [@r10][@r11][@r12]--[@r13]).

![DNA alkylation by AFs and structures of minor-groove modifications. (*A*) Mechanism of AF activation, alkylation, and impact on cell viability depending on DNA repair proficiency. (*B*) The 3d-Napht-A analog as model of AF-derived DNA adducts. (*C*) 3-Deaza-adenosine analogs of decreasing size, 3d-Phen-A, and 3-Me-A for structure-activity analysis of Pol II bypass.](pnas.1706592114fig01){#fig01}

Cells have evolved various DNA repair functions, and large helix-distorting adducts are often removed by NER. NER is divided into two subpathways: TC- and global genome- (GG-) NER ([@r14]). TC-NER--deficient human fibroblast cells are more sensitive to illudin S, AF, and HMAF compared with GG-NER--deficient human fibroblast cells, suggesting that TC-NER selectively repairs AF adducts ([@r4][@r5]--[@r6]) ([Fig. 1*A*](#fig01){ref-type="fig"}). Moreover, siRNA-mediated down-regulation of TC-NER in a cancer cell line greatly increased their sensitivity to AF, whereas down-regulation of GG-NER did not ([@r6]) ([Fig. 1*A*](#fig01){ref-type="fig"}). Since AF adducts are selectively repaired by TCR and ignored by GG-NER, a large portion of adducts that are not repaired in surviving cells are expected to be a basis of the increased mutation frequency observed in cell lines ([@r15]). Indeed, error-prone bypass of minor-groove modifications has been characterized for certain translesion synthesis DNA polymerases ([@r16]). Finally, exposing a cancer cell line to UCN-01, a compound that inhibits Chk1, enabling checkpoint evasion and reduction of NER function, increased sensitivity to AF and AF adducts persisted longer ([@r12], [@r17]). The repair and persistence profiles for AF-DNA adducts thus suggests that the basis of selective removal is associated with the DNA damage recognition step.

The main difference between the TC and GG subpathways of NER is the DNA damage recognition step: GG-NER is activated by XPC-RAD23B factors that sense the altered helix conformation induced by DNA damage, whereas TC-NER is activated by the stalling of RNA polymerase II (Pol II) ([@r14], [@r18]). Therefore, a working hypothesis is that 3-AF-A stalls Pol II but does not induce significant helix distortion ([@r6]). Pol II efficiently transcribes over small DNA lesions like *O*^6^-methyl-guanine (*O*^6^-Me-G), 8-oxo-guanine, N2-1-carboxyethyl-guanine, and N3-carboxymethyl-thymine, among others ([@r19][@r20][@r21]--[@r22]); however, larger modifications can induce it to stall. Upon Pol II stalling, downstream factors are recruited to the damage site, and the repair process then progresses in the same manner as for GG-NER ([@r14], [@r18]).

The mechanism of Pol II stalling at several DNA lesions has been elucidated. Cyclobutane pyrimidine dimers, cisplatin 1,2-d(GPG) intrastrand cross-links, monofunctional pyriplatin-guanine adducts, and 8,5′-cyclo-2′-deoxyadenosine strongly inhibit Pol II progression, and crystal structures of yeast Pol II bound to DNA containing these lesions were solved to elucidate the basis of polymerase stalling or bypass ([@r23][@r24][@r25][@r26][@r27]--[@r28]). Two flexible elements of the Pol II active site, the bridge helix and the trigger loop, are required for nucleotide addition and nucleic acid translocation to the next template position ([@r29][@r30][@r31]--[@r32]). Wang and coworkers ([@r33]) reported the blockage of Pol II by minor-groove-binding pyrrole-imidazole polyamides and identified their interaction with the residues Arg1386 and His1387 in the conserved switch 1 region of Rpb1 by molecular modeling. Despite these insights, there is no direct observation of Pol II encountering a DNA template with minor-groove adducts, and it is unknown how Pol II deals with minor-groove-binding and -modifying agents.

In this study, the question of how minor-groove DNA alkylation impedes RNA synthesis was addressed. Evaluating transcription activity in a human cancer cell confirmed the inhibited RNA synthesis. Due to the chemical instability of the native AF adduct ([@r7], [@r12]), we characterized the behavior of Pol II in transcription over its stable analog 3-deaza-3-methoxynaphtylethyl-adenosine (3d-Napht-A) ([@r16]) ([Fig. 1*B*](#fig01){ref-type="fig"}). We tested the capacity of 3d-Napht-A to stall purified RNA Pol II with DNA constructs mimicking the transcription bubble and ternary elongation complexes (ECs) and tested the limits of Pol II's size tolerance of minor-groove alkyl adducts by carrying out the same investigation with other 3-deaza-alkyl-adenosine analogs of systematically smaller size \[i.e., 3-deaza-3-phenethyl-adenosine (3d-Phen-A) and 3-deaza-3-methyl-adenosine (3d-Me-A)\] ([Fig. 1*C*](#fig01){ref-type="fig"}). The mechanism of stalling was furthermore investigated by crystallographic analysis of the stalled Pol II in the ternary EC with bound DNA template and RNA transcript. These data reveal a previously unobserved mode of Pol II stalling and provide insights into the chemical topology of minor-groove modifications required to stall transcription in cancer cells.

Results {#s1}
=======

DNA Alkylation Impairs RNA Synthesis in Cells. {#s2}
----------------------------------------------

It has been established that cells proficient in TC-NER are more resistant to cytotoxicity induced by AFs ([@r4][@r5]--[@r6]). To evaluate how AF impacts RNA synthesis in cancer cells relative to a simple methylating agent we compared RNA synthesis activity following treatment with HMAF vs. methylmethane sulfonate (MMS). MMS can form various DNA methylation adducts, mainly the noncytotoxic 7-Me-G, but also 3-Me-A, and to a lesser extent *O*^6^-Me-G ([@r34], [@r35]). A significant reduction of RNA synthesis in colon adenocarcinoma SW480 cells overexpressing PTGR1 (SW480-PTGR1), an enzyme required for metabolic bioactivation of AFs, was observed after treatment with 1 µM HMAF, but not 1 µM MMS ([Fig. S2](#d35e456){ref-type="supplementary-material"}), concentrations at which all cells remained viable ([Fig. S1](#d35e456){ref-type="supplementary-material"}). Because MMS is much less potent than HMAF, we also evaluated RNA synthesis at doses that reduce cell viability equally with both compounds ([Fig. S3](#d35e456){ref-type="supplementary-material"}). Again, RNA synthesis was significantly reduced in cells treated with 0.5 µM HMAF, but not in cells treated with 500 µM MMS. These results provide evidence for Pol II stalling after minor-groove DNA alkylation in cancer cells.

Pol II Transcription Can Stall at Minor-Groove Alkylation Adducts. {#s3}
------------------------------------------------------------------

With strong indication that AF-DNA damage stalls transcription in cells, we assessed directly the capacity of the major 3-AF DNA adduct to impede the progress of RNA Pol II using purified yeast Pol II and DNA that contains 3d-Napht-A, a chemically stable analog of the adduct ([@r16]), in constructs of a transcription bubble with 3d-Napht-A four bases downstream of the growing RNA 3′ end ([@r36]) ([Fig. S4*A*](#d35e456){ref-type="supplementary-material"}). When RNA was extended in the presence of four NTPs, Pol II stalled after nucleotide incorporation opposite the 3d-Napht-A, whereas it transcribed efficiently over unmodified A or the smaller methylated analog 3d-Me-A ([Fig. S4*B*](#d35e456){ref-type="supplementary-material"}). RNA extension of a transcription bubble with 3d-Napht-A nine bases downstream of the RNA 3′ end also behaved similarly ([Fig. S4 *C* and *D*](#d35e456){ref-type="supplementary-material"}).

We next characterized RNA extension with ternary ECs composed of an RNA annealed to a DNA template containing the analog at the nucleotide incorporation site +1 ([Fig. 2*A*](#fig02){ref-type="fig"}). In the presence of all four NMPs, Pol II stalled at 3d-Napht-A after incorporating one NMP ([Fig. 2*B*](#fig02){ref-type="fig"}) and no bypass was observed even after 60 min. When the same reactions were carried out with individual nucleotides, Pol II incorporated UMP and misincorporated CMP opposite 3d-Napht-A but not GMP and AMP ([Fig. 2*C*](#fig02){ref-type="fig"}).

![Pol II full-length synthesis and single-nucleotide incorporation. (*A*) Ternary ECs containing A, 3d-Me-A, 3d-Phen-A, or 3d-Napht-A at the underlined position, used for primer extension reactions. DNA template is dark blue, nontemplate DNA is light blue, RNA primer is red. (*B*) Denaturing gel electrophoresis of Pol II transcription products in the presence of all four NTPs (1 mM). Extension of the RNA primer to the end of the DNA template forms the indicated run-off product (+14). (*C*) Single-nucleotide incorporation opposite A, 3d-Me-A, 3d-Phen-A, and 3d-Napht-A. Reactions were performed in presence of a single NTP (1 mM) and were quenched after 20 min.](pnas.1706592114fig02){#fig02}

Pol II Is Tolerant to Smaller Modifications but Errors Arise. {#s4}
-------------------------------------------------------------

To derive the maximum adduct size tolerated by Pol II, RNA extension was evaluated for templates containing smaller alkyl groups. Pol II efficiently extended RNA annealed with templates containing A or 3d-Me-A, forming full-length products ([Fig. 2*B*](#fig02){ref-type="fig"}). The 3d-Phen-A was bypassed, but product accumulated after incorporation of the first nucleotide, suggesting the intermediate-size adduct slows Pol II but does not impede it completely.

In the presence of individual nucleotides, UMP was very efficiently incorporated, leading to a +2 band resulting from insertion of UMP opposite A plus the next G. For modified substrates with 3d-Me-A or 3d-Phen-A, however, only the +1 band was observed for UMP, suggesting that the 3-alkyl groups reduced transcription fidelity. A similar degree of CMP misincorporation was observed in all cases, regardless of whether the DNA was modified or not ([Fig. S5](#d35e456){ref-type="supplementary-material"}). Moreover, Pol II efficiently misincorporated CMP opposite the next templating G forming a +2 band product, whereas in the case of 3d-Napht-A only one nucleotide was inserted opposite the analog.

DNA Alkylation Alters Pol II Incorporation and Extension Efficiency. {#s5}
--------------------------------------------------------------------

Having established that Pol II incorporates UMP and CMP to varying extents depending on the identity of DNA modification, we measured apparent reaction rates for their incorporation by Pol II ([Fig. 3](#fig03){ref-type="fig"}). For insertion of UTP opposite A or 3d-Me-A, incorporation rates were similar (9.0 ± 1.4 min^−1^ and 8.0 ± 1.2 min^−1^, respectively), whereas rates opposite 3d-Phen-A and 3d-Napht-A were significantly reduced (2.5 ± 0.2 min^−1^ and 1.2 ± 0.2 min^−1^, respectively). The CMP misincorporation profile was quite different, however, with more than 10-fold greater incorporation opposite 3d-Me-A vs. A (5.8 ± 0.4 min^−1^ vs. 0.5 ± 0.1 min^−1^), whereas 3d-Phen-A and 3d-Napht-A were similarly low as A (0.28 ± 0.03 min^−1^ and 0.39 ± 0.05 min^−1^) ([Fig. 3*A*](#fig03){ref-type="fig"}). The increased misincorporation of CMP opposite the 3-alkyl-adenosine analogs relative to A ([Fig. 3*A*](#fig03){ref-type="fig"}) suggests a potential basis of transcriptional mutagenesis in cells ([@r21], [@r37]).

![Single-nucleotide incorporation and extension kinetics. (*A*) Gel denaturing electrophoresis of primer extension kinetics by Pol II for UMP and CMP incorporation opposite unmodified adenine or 3-deaza-adenosine analogs. Reactions contained 1 mM NTP and were stopped at various time points between 0 and 60 min. Schematic representation of apparent rate constants for UMP and CMP incorporation kinetics (*Right*). Error bars represent SD (*n* = 3) and statistical significance for NMP incorporation opposite the 3-deaza-3-alkyl-adenosine adducts compared with A was determined by unpaired Student *t* test with Welch's correction (\**P* \< 0.05, \*\**P* \< 0.01). (*B*) Rates (minutes^−1^) of RNA primer extension from the correct base pair A~analog~:U (*Left*) and the mismatched base pair A~analog~:C (*Right*). The DNA template contained either A, 3d-Me-A, 3d-Phen-A, or 3d-Napht-A at the indicated position. RNA yield is plotted as a function of time (100% RNA yield corresponds to 50% of primer extension). Error bars represent SD (*n* = 3).](pnas.1706592114fig03){#fig03}

To understand the impact of 3-deaza-3-alkyl-adenosine analogs on Pol II activity during the extension steps following incorporation opposite an adduct we evaluated RNA synthesis using DNA constructs with the RNA transcript containing either U or C opposite 3-deaza-3-alkyl-adenosine analogs and measured rates of CMP incorporation opposite the next templating G ([Fig. 3*B*](#fig03){ref-type="fig"}). Extension after 3d-Me-A was similar to after A, but after 3d-Phen-A extension from U or C was 170- or 250-fold lower, respectively, and after 3d-Napht-A extension by Pol II was totally blocked, with no incorporation even after 60 min. This observation was consistent with the initially observed stalling after insertion of one nucleotide opposite the modified base. From these data it could be concluded that Pol II is stalled by the larger analog 3d-Napht-A whereas it bypasses smaller analogs, with the efficiency decreasing in step with the size of the 3-alkyl group size. The efficient bypass of 3d-Me-A was consistent with the observation that exposing cells to MMS did not reduce transcription.

Structural Investigation of Pol II Stalling by DNA Alkylation. {#s6}
--------------------------------------------------------------

To investigate the mechanism of Pol II stalling opposite an alkylated template base we determined the structure of a Pol II EC in the presence of 3d-Napth-A. We reconstituted a 12-subunit *Saccharomyces cerevisiae* Poll II EC with a modified nucleic acid scaffold ([Fig. 4*A*](#fig04){ref-type="fig"}). The resulting complex was crystallized, and the structure was determined using molecular replacement. Electron density was observed for 8 bp of downstream DNA, for the DNA template strand up to upstream position −10, and for the entire RNA except for the 5′-terminal base at the upstream end of the DNA--RNA hybrid ([Fig. 4*B*](#fig04){ref-type="fig"}). The register of nucleic acids was unambiguously defined by bromine labeling of the DNA template strand at position −4 and anomalous diffraction ([Fig. 4*C*](#fig04){ref-type="fig"}). The DNA modification was clearly observed in the electron density ([Fig. 4*C*](#fig04){ref-type="fig"}). The structure was refined to a free R factor of 22% at a resolution of 3.2 Å, resulting in an atomic model with very good stereochemistry ([Table S1](#d35e456){ref-type="supplementary-material"}).

![Structure of a Pol II EC in the presence of 3d-Napht-A in the +1 site. The 12-subunit Pol II (4.1 mg/mL) was incubated with a 1.5-fold molar excess of nucleic acid scaffold containing the 3d-Napht-A analog and 5-Br-U. The sample was incubated for 20 min on ice before crystallization by hanging-drop vapor diffusion using as reservoir solution 4--7% PEG 6000, 200 mM ammonium acetate, 300 mM sodium acetate, 50 mM Hepes, pH 7.0, and 5 mM Tris(2-carboxyethyl)phosphine. Crystals were grown for 4--8 d, cryoprotected in mother solution supplemented with 22% glycerol and nucleic acid scaffold. Crystals were incubated overnight at 8 °C before they were harvested and flash-cooled in liquid nitrogen. (*A*) The nucleic acid scaffold used in the crystal structure is depicted schematically with respect to the +1 site containing the 3d-Napht-A base modification. The color scheme is used throughout the figure. (*B*) Overview of the Pol II EC structure with the modified adenine present in the +1 site, the nucleotide addition site. Pol II is shown as a silver ribbon model in a side view. The bridge helix is colored in green. Nucleic acids are presented as stick models and 3d-Napht-A is highlighted in orange. (*C*) Simulated annealing omit map after removing the 3d-Napht moiety at the +1 site from the model (F~o~ − F~C~ map, contoured at 3σ, positive density is colored in green). A peak in the anomalous difference Fourier map (density is colored in yellow, contoured at 6σ) reveals the exact position of the bromine atom at position −4, allowing unambiguous assignment of the posttranslocated state. (*D*) Trigger-loop conformation. Comparison of the conformation of the trigger loop observed here (cyan) with alternative conformations observed previously for Pol II. The closed trigger loop (PDB ID code 2E2H), open trigger loop in the posttranslocation state (PDB ID code 1Y1W), wedged trigger loop (PDB ID code 2VUM), trapped trigger loop (PDB ID code 3PO2), and locked trigger loop (PDB ID code 3PO3) are depicted in yellow, blue, red, violet, and brown, respectively. Metal A is shown as a magenta sphere.](pnas.1706592114fig04){#fig04}

The structure revealed a previously unobserved mode of Pol II interaction with a modified DNA nucleotide. The EC adopts the posttranslocation state with the modified adenine base being accommodated in the templating position opposite the +1 site that binds the nucleoside triphosphate substrate ([Fig. 4*B*](#fig04){ref-type="fig"}). The 3-deaza-3-methoxynaphtylethyl group contacts the central bridge helix in the Pol II active center from underneath. In particular, the second aromatic ring of 3d-Napht-A forms van der Waals contacts with the side-chain methyl group of bridge helix residue Thr831. The trigger loop adopts an open conformation, similar to that observed in a previous EC structure that adopts the posttranslocation state \[Protein Data Bank (PDB) ID code 1Y1W\].

The structure immediately suggests the mechanism of impaired Pol II progression and stalling at an alkylated template base and explains the structure-activity profiles observed herein. Superposition of a Pol II EC structure containing a closed trigger loop (PDB ID code 2E2H) ([@r38]) showed that the closed state cannot be accommodated in the presence of the alkylated nucleotide due to clashes between trigger loop residues Thr1080 and Leu1081 and the 3-deaza-3-methoxynaphtylethyl group ([Fig. 4*D*](#fig04){ref-type="fig"}). Inefficient nucleotide incorporation can apparently still take place, because catalysis can occur in a trigger loop-independent, low-fidelity fashion ([@r39]), explaining the observed misincorporations. After a single (mis)incorporation event translocation is strongly impaired, however, as this would result in major clashes of the 3d-Napht-A moiety with Pol II residues that very intimately interact with the minor groove of the hybrid base pair in the posttranslocation position −1. In addition, movement of the bridge helix, also required for translocation ([@r40]), is likely impaired by the observed alkyl-bridge helix contact.

Discussion {#s7}
==========

Here we report on the mechanism of Pol II stalling in response to minor-groove DNA alkylation relevant to minor-groove-alkylating anticancer agents. A reduction in RNA synthesis was observed when cancer cells were treated with the drug HMAF but not when treated with a methylating agent, suggesting the capacity of the minor-groove HMAF modification, but not a methyl group, to stall RNA Pol II. Thus, RNA extension reactions were performed with DNA constructs containing stable synthetic analogs that model drug alkylation products, an approach that overcomes the limitation of chemical instability that has precluded previous detailed evaluation of such modification. The large analog 3d-Napht-A, corresponding to the main adduct from HMAF, was found to block the progress of Pol II after insertion of a nucleotide ([Fig. 2*B*](#fig02){ref-type="fig"}). The rate of UMP incorporation was reduced, with background CMP misincorporation being maintained ([Fig. 3*A*](#fig03){ref-type="fig"}). Moreover, further extension of RNA primers was completely inhibited. Finally, structural studies indicated that the mechanism of stalling differs from those defined previously at other DNA lesions, revealing a combination of interactions with the base pair at position −1 and the second ring of the modification with the trigger loop of RNA Pol II as the basis.

TC-NER--deficient cells have increased sensitivity to AFs, suggesting the capacity of the adducts to stall transcription ([@r4][@r5]--[@r6]). HMAF exposure of SW480 cells overexpressing PTGR1 led to a significant reduction in RNA synthesis capacity, consistent with previous observations concerning reduced RNA synthesis in human leukemia and HeLa cells, as well as increased degradation of stalled Pol II ([@r4], [@r13], [@r41]). Moreover, we found that the methylating agent MMS did not reduce RNA synthesis in cells ([Fig. S2](#d35e456){ref-type="supplementary-material"}), consistent with the observation of transcription over 3d-Me-A ([@r42]). While MMS does not form 3-Me-A exclusively, its toxicity is mainly attributed to this adduct, and the use of an extremely high MMS dose (i.e., 500 µM) still led to no reduction in RNA synthesis. The 3-Me-A adduct is also formed by the minor-groove-binding drug methyl lexitropsin, for which higher drug sensitivity was observed in human glioma cells deficient in BER rather than TC-NER ([@r43][@r44][@r45]--[@r46]).

The stalling of isolated Pol II at 3d-Napht-A observed in this study supports the assertion that in cells treated with AFs transcription is stalled and the stalled Pol II initiates TC-NER and reduces drug action. The chemical basis of this cellular process appears to be associated with the alkyl adduct preventing translocation of the nascent +1 base pair to the next template position due to clashes with Pol II residues binding the minor-groove edge of the DNA--RNA base pair at position −1, and by a clash of the second ring on the methoxynaphtyl group with two residues of the mobile trigger loop ([Fig. 4](#fig04){ref-type="fig"}). These interactions highlight a different Pol II stalling mechanism than predicted by Xu et al. ([@r33]) in the case of polyamide minor-groove-binding agents, wherein Pol II was stalled upstream of the polyamide-bound DNA by interactions between the Switch 1 region and the minor-groove binder impeding translocation. The structure analysis and structure-activity relationships elucidated in the current study suggest the smaller phenethyl group of 3d-Phen-A does not prevent the trigger loop from closing, allowing Pol II to bypass analogs with only one aromatic ring. Finally, Pol II preferentially incorporated UMP opposite the smaller analogs 3d-Me-A and 3d-Phen-A, and RNA could be extended.

The mechanism of Pol II stalling reported herein should inform the design of improved anticancer alkylating agents that inhibit DNA synthesis without impeding the progression of RNA polymerase, thus evading TC-NER. Based on our results, 3-adenosine adducts with only one ring are tolerated by Pol II but do block the replicative DNA polymerase hPol α ([@r16]). Moreover, the chemical modifications did not destabilize DNA duplexes, suggesting that 3-AF-A adducts do not induce helix distortion and evade GG-NER ([@r16]). Thus, 3-adenosine adducts containing one phenyl ring may have a desired balance of properties to inhibit DNA replication but avoid TC-NER. The detailed insight derived from this study reveals how clashes between DNA adducts and residues binding the DNA--RNA minor-groove edge and the mobile trigger loop of RNA Pol II prevent translocation after insertion of a nucleotide opposite an adduct. Knowledge concerning structural characteristics that impede Pol II improves our understanding of how cells initiate the repair of damaged DNA and may also support the design of more effective cancer therapeutics.

Materials and Methods {#s8}
=====================

Materials. {#s9}
----------

Chemicals, reagents, and electrophoresis supplies were from Sigma-Aldrich and Bio-Rad Laboratories. Phosphoramidites of natural nucleosides and 3-deaza-3-methyl-adenine were purchased from Glen Research. Phosphoramidites of 3-deaza-3-phenethyl-adenine and 3-deaza-3-methoxynaphthalenethyl-adenine were synthesized as described previously ([@r16]). Unmodified DNA oligonucleotides and fluorescein-labeled RNA primers were obtained from VBC Biotech. The transcription buffer was 20 mM Hepes, pH 7.6, 60 mM (NH~4~)~2~SO~4~, 8 mM MgSO~4~, 10 μM ZnCl~2~, 10% glycerol, and 10 mM DTT. SW480 cells overexpressing PTGR1 were obtained as previously described ([@r11]).

RNA Synthesis Recovery. {#s10}
-----------------------

Cells seeded at a density of 18,000 cells per well were washed twice with PBS solution (Gibco) and incubated with HMAF (0.5, 1 µM final concentration, in 0.1% DMSO medium), MMS (1, 500 µM final concentration, in 0.1% DMSO medium), or in 0.1% DMSO medium as negative control for 6 h at 37 °C. Transcription activity was evaluated with an RNA synthesis recovery assay (RRS) adapted from a previously published procedure ([@r16]). Full experimental details concerning cell culture conditions and RRS analysis appear in [*Supporting Information*](#d35e456){ref-type="supplementary-material"}.

Synthesis of Oligonucleotides Containing 3-Deaza-3-Alkyl-Adenosine Adducts. {#s11}
---------------------------------------------------------------------------

Modified oligonucleotides were synthesized by solid phase on a Mermade 4 DNA synthesizer (Bioautomation). DNA templates for Pol II primer extension reactions were a 26-mer (5′-ACCTCAACTACTTG**[A]{.ul}**CCCTCCTCATT-3′) and a 34-mer (5′- GCTGTTCACCG**[A]{.ul}**GGTCCCTCTCGATGGCTGTAAGT-3′), adapted from previous studies ([@r36]). Synthesized oligonucleotides were purified by HPLC (Agilent 1100 Series) using an Agilent Luna 25-mm C18 column. The chromatographic mobile phases were 50 mM triethylammonium acetate and acetonitrile (ACN) and the gradient used was 10--15% ACN over 35 min. The eluted fractions containing DNA templates were concentrated to dryness in a MiVac centrifugal evaporator, resuspended in 100 µL deionized water, and checked for purity by direct injection into an Agilent MSD SL ion trap mass spectrometer with electrospray ionization.

Transcription with Pol II. {#s12}
--------------------------

Yeast Pol II was purified as described previously ([@r24]). Transcription reactions were performed with DNA scaffolds composed of a 26-mer DNA template containing Ade or modified Ade at the position indicated with an underline (5′-ACCTCAACTACTTG[A]{.ul}CCCTCCTCATT-3′), a 14-mer nontemplate DNA (VBC Biotech) (5′-CAAGTAGTTGAGGT-3′), and an 11-mer RNA primer labeled with fluorescein at the 5′ end (FAM-5′-UUCGAGGAGGG-3′). Oligonucleotides (final concentration 11 μM for template and nontemplate DNA; 10 μM for RNA primer) were annealed by heating to 90 °C in Tris-EDTA buffer with 50 mM NaCl and allowed to slowly cool to 25 °C. ECs were formed by incubating 5 pmol Pol II with 10 pmol DNA scaffold at 20 °C for 20 min in the transcription buffer (total volume 10 μL). Transcription reactions were initiated by adding NTPs (1 μL, 10 mM). Reactions were allowed to proceed for 20 min then quenched by addition of aqueous EDTA (5 μL, 50 mM). For steady-state kinetic evaluation, reactions were performed at varying time points (between 0 and 60 min). The formation of extended primers was monitored by denaturing gel electrophoresis (7 M urea, 20% acrylamide) followed by visualization with Molecular Imager Gel Doc XR+Imaging System (Bio-Rad). Gel band intensities were quantified with ImageJ Lab 3.0. Percentage of primer extension were calculated with the equation ${\sum I_{({n + x})}}/\left( {\sum{I_{({n + x})} + I_{n}}} \right)$, where $I_{({n + x})}$ represents the intensity of all bands above the primer and $I_{n}$ represents the band intensity of the nonextended primer. The twofold molar excess of DNA scaffold compared with the enzyme leaves a theoretical 50% unbound portion of primers unprocessed, and these residual RNA primers were used as an internal reference band. Values from kinetics experiments were plotted using GraphPad Prism and nonlinear regression analysis was carried out using the equation Y = Y~m~ \*(1 − e^(-*k*\*X)^), where Y~m~ is the percentage of product formed, *k* is the apparent reaction rate, and X is time.

Pol II bypass of DNA adducts placed four bases downstream transcription start was performed with ECs composed of a 34-mer DNA template (5′-GCTGTTCACCG[A]{.ul}GTCCCTCTCGATGGCTGTAAGT-3′), a 34-mer nontemplate DNA (5′-ACTTACAGCCATCGAGAGGGACTCGGTGAACAGC-3′), and a 9-mer RNA primer labeled with fluorescein at the 5′ end (5′-AUGGAGAGG-3′). ECs were assembled as described previously ([@r24]). The transcription reaction was performed at 37 °C and initiated by addition of NTPs (10 mM, 1 μL). After 30 min, the reaction was quenched with addition of EDTA solution (50 mM, 5 μL).

Crystal Structure Analysis. {#s13}
---------------------------

Twelve-subunit Pol II was complexed with a nucleic acid scaffold containing the 3d-Napht-A analog and 5-Br-U as described in the legend for [Fig. 4](#fig04){ref-type="fig"}. Diffraction data were collected at beamline X06SA of the Swiss Light Source at the Paul Scherrer Institut or beamline P13 at the Deutsches Elektronensynchrotron. The native dataset was collected at a wavelength of 0.976 Å. The Bromine peak dataset was collected at a wavelength of 0.919 Å. Diffraction images were processed with XDS ([@r47]). The structure was solved with molecular replacement using a 12-subunit Pol II structure (PDB ID code 3HOX) without nucleic acids. Refinement was performed using Phenix.Refine ([@r48]). Refinement statistics are summarized in [Table S1](#d35e456){ref-type="supplementary-material"}. The final model was analyzed using MolProbity ([@r49]). Ninety-two percent of residues were in Ramchandran plot favored regions, 7.1% in 752 allowed regions; 0.9% Ramachandran outliers were observed. Figures were generated using PyMOL ([@r50]).
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